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Abstract. Sliding within the dam foundation is one of the key failure modes of a gravity dam. A two-
dimensional (2-D) physical model test has been conducted to study the sliding failure of a concrete
gravity dam under overloading conditions. This model dam was instrumented with strain rosettes, linear
variable displacement transformers (LVDTs), and embedded fiber Bragg grating (FBG) sensing bars. The
surface and internal displacements of the dam structure and the strain distributions on the dam body were
measured with high accuracy. The setup of the model with instrumentation is described and the monitoring
data are presented and analyzed in this paper. The deformation process and failure mechanism of dam
sliding within the rock foundation are investigated based on the test results. It is found that the horizontal
displacements at the toe and heel indicate the dam stability condition. During overloading, the cracking
zone in the foundation can be simplified as a triangle with gradually increased height and vertex angle.

Keywords: concrete gravity dam; rock foundation; overloading; physical model test; sliding failure; fiber
Bragg grating (FBG).

1. Introduction

In the past two decades, a number of massive concrete gravity dams have been or are being

constructed in China, such as the Longtan Dam (maximum height H=216.5m) (Zhang et al. 2002),

the Three-Gorges Dam (H=185m) (Liu et al. 2003a and 2003b, Li et al. 2005), the Xiangjiaba Dam

(H=161m) (Zhou et al. 2008), the Jiangya Dam (H=131m) (Yan et al. 2004), the Baise Dam

(H=130m) (Xu et al. 2007), and the Baozhusi Dam (H=131m) (Chen et al. 2004, 2008). In harsh

conditions such as flooding and earthquake, dam safety becomes an issue of great concern.

The gravity dam is a high order statically indeterminate structure and the dam stability relies

mainly on its self-weight. The field performance of the dam is affected by its surrounding environments,

including hydrological and meteorological factors, reservoir rim, and seismic loading (ASCE Task

Committee on Instrumentation and Monitoring Dam Performance 2000). Gravity dams are always
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required to be in the elastic state under working conditions and have adequate resistance to failure.

The failure modes of concrete gravity dams can be grouped into three categories, namely

overturning, cracking, and sliding (U.S. Army Corps of Engineers 1995). Given appropriate structural

design, the overturning failure can be avoided. The cracking of concrete is a critical factor affecting

the dam stability. This phenomenon has been extensively examined (Donlon and Hall 1991,

Bhattacharjee and Léger 1993 and 1994, Tinawi and Guizani 1994, Plizzari et al. 1995, Mao and

Taylor 1997, Ghaemina and Ghobarah 1999, Barpi et al. 1999, Harris et al. 2000, Tinawi et al. 2000,

Javanmardi et al. 2005, Ftima and Léger 2006, Zhu and Pekau 2007) and various reinforcement

techniques have been successfully utilized (Morin et al. 2002). The sliding can occur at the

concrete-rock interface or within the rock foundation. Chopra and Zhang (1991) studied earthquake-

induced sliding of a gravity dam monolith supported without bond on a horizontal, planar surface of

rock and tried to calculate the sliding displacements. Mir and Taylor (1996) studied the base sliding

response of rigid concrete gravity dams subjected to dynamic loading. Rochon-Cyr and Léger

(2009) performed shake table tests to study the sliding response of a gravity dam model including

water uplift pressure. For dams on jointed and decomposed rock masses, or even soils with low

shear strength and high compressibility, the failure of the dam-foundation system frequently

occurred within the foundation instead of the concrete-rock interface (Liu et al. 2003a, 2003b, Zhou

et al. 2008, Barpi et al. 1999, Martt et al. 2005, Ren et al. 2008). This kind of deformation process

and sliding mechanism is not well defined in previous studies.

The evaluation of performance and safety of a high gravity dam under overloading conditions has

attracted wide attention in the field of dam engineering (Liu et al. 2003a and 2003b, Chen et al.

2004 and 2008, Ghaemina and Ghobarah 1999, Alonso et al. 1996). If the horizontal component of

hydrostatic pressure on the upstream face is increased above the design value, the limiting state of

the dam stability can be achieved, where the carrying capacity of the dam is fully exhausted. This

makes it possible to investigate the dam failure mode under external overloading, considering the

uncertainties of the upstream hydrostatic load. In this regard, the factor of safety of a gravity dam

can be defined as the ratio of the maximum external load inducing the start of sliding instability to

the applied upstream hydrostatic load. There are mainly three approaches to study the overloaded

dam performance, i.e., limit equilibrium method, physical modelling, and numerical simulation. The

limit-equilibrium method is not suitable for complex structure-foundation systems (U.S. Army

Corps of Engineers 1995). Considerations regarding displacements are excluded in this method. In

previous researches of numerical analysis, the deformation pattern and failure mechanism of a high

gravity dam system under staged overloading cannot be fully identified because of the simplification

of constitutive models and geological conditions. Physical model testing provides a visible and

comprehensive interpretation of the dam performance under various loading combinations. The

current design specifications in China recommend using physical modelling for dams with complicated

foundation conditions (The State Economic and Trade Commission 2000, Ministry of Water Resources

2005). Due to the constraint of experimental techniques, some difficulties were encountered, such as

simulating actual hydraulic conditions and obtaining reliable monitoring results with high accuracy

(Liu et al. 2003a, Plizzari et al. 1995, Ghobarah and Ghaemian 1998).

This study was carried out to analyze the deformation process of the dam-foundation system

under progressive overloading, with a particular focus on the sliding failure mechanism within the

dam foundation. This issue was investigated through a laboratory physical model test with improved

measurement technologies. Based on the test results, the potential sliding path of high gravity dams

under overloading condition was further discussed.
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2. Test setup and procedure

The dam investigated in the physical model test is a concrete gravity dam structure with a height

of 75 m and a downstream slope of 0.8. The dam was built on a rock foundation along its bottom-

line. A two-dimensional (2-D) model was constructed and tested in the School of Water Resources

and Hydropower Engineering, Sichuan University. The geometry of the model dam is shown in Fig. 1.

According to similarity theory of physical modelling, the following similarity criteria must be met

 (1)

 (2)

 (3)

where the symbols L, γ, s, E, ν, σ, ε, f denote the parameters of geometry, density, displacement,

deformation modulus, Poisson’s ratio, stress, strain and strength. The scale chosen for this model

dam is shown in Table 1.

2.1 Material properties

Table 2 summarizes the material properties of the prototype and the model dam. In China, roller

compacted concrete (RCC) with a water/cement ratio of 0.45-0.60 and a compressive strength no

less than 10-20 MPa after 90 days is widely used for constructing gravity dams (Ministry of Water

Resources 2005). For physical models of dams, gypsum, plaster, barite, cement, bentonite, etc are

commonly used as similitude materials of concrete (Liu et al. 2003a, Harris et al. 2000, Tinawi et
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Fig. 1 Model dimensions and instrumentation setup (all dimensions in cm)
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al. 2000). In this study, the material chosen for simulating the concrete dam body was a mixture of

gypsum powder, barite powder, and water. After a series of laboratory tests, the optimal mixture

ratio was obtained. The material properties shown in Table 2 satisfy all the similitude requirements

of both deformation modulus and strength between the model and the prototype. In laboratory tests,

this similitude material was proved to show an elastic behaviour under low stress levels and brittle

rupture characteristics at failure like concrete (Chen et al. 2006). During model construction, a

Table 1 Similarity coefficients between the prototype and the physical model

Physical parameters Scale factors Ratio (prototype/model)

Length 150

Density 1

Displacement 150

Deformation modulus 150

Possion’s ratio 1

Stress 150

Strain 1

Strength 150

The subscripts p and m denote that the corresponding parameters are of the prototype and the physical mod-
els, respectively

Table 2 Properties of the prototype and physical model materials

Material Property Prototype Model

Concrete Deformation modulus E (MPa) 20000 133

Poisson’s ratio ν 0.2 0.2

Density γ (kN/m3) 24 24

Tensile strength ft (kN/m
2) 1500 10

Compressive strength fc (kN/m
2) 30000 200

Rock Deformation modulus E (MPa) 8300 55.4

Poisson’s ratio ν 0.3 0.3

Density γ (kN/m3) 26 26

Tensile strength ft (kN/m
2) 750 5

Compressive strength fc (kN/m
2) 7500 50
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wood mold was used to produce the precast model of the dam monolith using this material.

Ten layers of prefabricated bricks were constructed to form a regular-jointed rock foundation. The

bricks were made of barite powder (as the cementitious material), engine oil and fusible polymer

materials (as the admixture). A Y32-50 hydraulic press machine was used to fabricate bricks with a

size of 100 mm×100 mm×50 mm (width×height×length). Tight contacts were provided between

the boundary of the dam foundation and the steel test frame during model construction. In

engineering practice, special attention is paid to the concrete-rock interface of a gravity dam and

pressure grouting is frequently used to reinforce the bonding at this interface. Regarding this, the

interface between the dam body and the rock foundation in the physical model test was glued by

epoxy resin to ensure ideal bonding. 

2.2 Test conditions and procedures

During testing, a progressive overloading that simulated the increase of hydrostatic water pressure

was loaded on the upstream face of the model dam. With regard to the uplift pressure, as the dam

deadweight is offset greatly by its effect, it is one of the critical factors for dam stability. However,

various engineering measures such as sheet piling and grouting, are commonly used in the foundation

to control the uplift pressure in a safe magnitude. Because the focus of this study is mainly on the

overloading response of the dam subjected to increased horizontal loading, the adverse influence of

uplift pressures is not considered in the model test.

The hydrostatic pressure was equalized by two servo-controlled hydraulic jacks arranged on the

dam body. The lateral loading was applied with an overloading factor (OF) which is the ratio of the

applied loading over the normal (design) hydraulic loading on the model dam, i.e. 

 (4)

where γ0 is the actual density of water, γ is the increased density of water, and H is the dam height.

The safety degree of the dam structure can be evaluated in terms of overloading factors (Alonso et

al. 1996). The entire process of dams developing from elastic state to failure state can be characterized

by two overloading factors of safety, i.e., K1 for initial cracking and K2 for ultimate failure.

At the beginning of the test, half of the normal hydrostatic load, that is, an overloading factor of

0.5 was applied on the model dam. After the readings of all the instruments became stable, the

lateral load was increased gradually with the overloading factors of 0.8, 1.0, 1.2, 1.4, 1.6, … until

7.4 when the dam-foundation system was completely destroyed. 

2.3 Instrumentation

Three types of instruments were installed on the dam-foundation system, in order to investigate

the deformation mechanism of the model dam under overloading and determine the factors of

safety. The instrumentation details are shown in Figs. 1, 2 and 3.

(1) For the dam body, a tension zone indicates the formation of cracks in the concrete while a

compression zone may result in crushing of concrete. To measure the magnitudes and directions of

the principal stresses, a total of twelve electrical strain rosettes were installed on the dam body.
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Fig. 2 Loading and measurement system for the physical model test

Fig. 3 Photograph of the physical model test (monitoring in progress)
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They were connected to a datalogger with full bridge configuration for data acquisition.

(2) For the measurement of surface displacements of the dam body, three horizontal and four

vertical linear variable displacement transformers (LVDTs) were installed. The other nine LVDTs

were installed below the dam toe for horizontal displacement measurement of the rock foundation.

Two pairs of LVDTs were installed on the ground surface and kept a distance from the dam toe for

the estimation of displacement influence range. A displacement digital display instrument was

utilized to take their measurements.

(3) To monitor internal displacements induced by the overloading, two fiber Bragg grating (FBG)

sensing bars were installed inside the model dam. The FBG sensing bar has two series of surface

adhered FBG sensors, which measures the strain distributions along the bar. When it is embedded

into a physical model and deforms as a result of loading, the displacement profiles in the axial and

transverse directions along the sensing bar can be measured based on the strains measured by the

quasi-distributed FBG sensors (Zhu et al. 2010). It combines the functions of in-place inclinometers

and borehole extensometers. The FBG sensing bars used in this test had a diameter of 10 mm and a

length of 500 mm. Each bar had ten FBG sensors and the sensor spacing was 100 mm.

Prior to testing, one of the FBG sensing bars was embedded in the dam body to monitor the

internal deflection (horizontal displacement) and vertical relative displacement distribution from the

dam top to the ground surface. The other FBG sensing bar was embedded in the downstream rock

foundation near the dam toe, for monitoring ground settlements and horizontal displacement profiles

in the dam foundation. To facilitate the installation, two predefined holes of 14 mm diameter and

500 mm depth were prepared during model construction. The gap between the bars and the holes

was grouted with quick-set silicon glue. An optical sensing interrogator was used to record the

Bragg wavelengths of the FBG sensing bars in real time.

3. Physical model test results and analysis

3.1 Observation

From zero to normal loading condition, no visible crack of the model dam was detected. The first

crack appeared under the dam heel when the lateral loading was increased to an overloading factor

of 3.0. This indicated that the shear resistance of the foundation at this location could not sustain

the lateral loading any more. Because the dam foundation had regular mortar joints, the main

horizontal crack trajectory was found between the first and second brick layers. When the overloading

factor was raised to 4.0, crack propagation within the dam foundation became significant and the

main vertical cracks at the dam heel developed quickly, showing that the dam foundation gradually

lost its bearing capacity. A partial crush zone was seen at the dam toe, where the dam was subjected

to compression-shear loading. When loading continued to increase, more and more horizontal cracks

appeared in the foundation. When the overloading factor reached 7.4, the main horizontal crack

formed completely at the shallow layer, as shown in Fig. 4. The lines visible on the body of the

dam in Fig. 4 are the cables of the strain rosettes. The width of the main tension crack below the

dam heel has a maximum value of about 6 mm. It was seen that at this moment, the deformation of

the dam was mainly due to the horizontal shear sliding of the foundation. No visible damage of the

dam body was detected during the whole process of overloading. 

From the above observations, the failure of the dam-foundation system was caused by sliding
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within the rock foundation. The overloading factors of safety K1 and K2 can be estimated to be

around 3 and 4, respectively. The failure mode illustrated that the jointed rock foundation below the

heel and the toe were two weak locations and should be given adequate attention in the process of

dam design and construction.

3.2 Performance of the dam body

3.2.1 Surface displacements

The surface displacements of the dam body measured by seven LVDTs are shown in Fig. 5. The

results reveal a rotation tendency at the dam toe due to the increased upstream pressure. When the

overloading factor was between 0 and 1, the overloading factor-displacement curves were approximately

linear, indicating an elastic behaviour of the dam-foundation system at this stage. Under the normal

loading condition, the maximum horizontal and vertical displacements occurred at the dam crest and

had the same value of 0.02 mm (3 mm for prototype). When the overloading factor reached 3.0,

abrupt increases of displacement rates were found. The corresponding horizontal and vertical

displacements at the dam crest were 0.49 mm and 0.09 mm (73.5 mm and 13.5 mm for prototype).

When the lateral loading increased to an overloading factor of 4.0, another turning point of the

displacement curves appeared. The measured horizontal displacements developed quickly and reached

over 6 mm (900 mm for prototype) at an overloading factor of 5.8. At this stage, the displacements

were mainly the horizontal rigid body motion (translation), which was due to the sliding within the

rock foundation. This phenomenon is similar to the centrifuge modelling results of unnotched

specimens done by Plizzari et al. (1995).

Fig. 4 Photograph of sliding failure of the model dam (OF=7)
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From the quantitative tendencies of the displacements shown in Fig. 5, the cracking overloading

factor of safety K1 and failure factor of safety K2 can be determined as 3.0 and 4.0 respectively,

which is quite consistent with the estimation from observations. 

3.2.2 Internal displacements

The displacements of the dam body monitored by the FBG sensing bar are shown in Figs. 6 and

7. The results reveal that the deformation was mainly the deflection of the dam body in the

horizontal direction and the maximum displacement occurred at the dam top. At the same time, the

upstream dam body was subjected to slight tension in the vertical direction. During the whole

Fig. 5 Surface displacements of the dam body measured by LVDTs during overloading (positive LVDT values
for the x/y directions as shown) (a) Horizontal displacements of the monitoring points; (b) Vertical
displacements of the monitoring points 
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process of overloading, the dam body was shown to behave linearly (presumably elastically). Under

the normal loading condition (OF=1), the maximum horizontal and vertical (relative) displacements

inside the dam body near the upstream face were 0.010 mm and 0.001 mm (1.5 mm and 0.15 mm

Fig. 6 Displacements of the mode dam body measured by the FBG sensing bar (a) Relationships of overloading
factors and accumulated horizontal displacements with respect to ground level at different depths
(positive displacements indicate movement of the dam body in the x direction); (b) Relationships of
overloading factors and accumulated vertical displacement with respect to ground level at different
depths (positive displacements indicate tension of the dam body)
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for prototype). At the failure point (OF=4), the horizontal and vertical displacement reached 0.337

mm and 0.004 mm (50.6 mm and 0.6 mm for prototype). The magnitudes of the displacements

were considerably small and didn’t reflect any stability problem of the dam-foundation system.

3.2.3 Strains and stresses of the dam body

From the strain monitoring results shown in Fig. 8, the strains gradually increased with the

increase of lateral loading and a strain concentration was located at the dam heel. For most of the

strain rosettes, the overloading factor-strain curves showed approximately linear relationships and

the magnitudes of tensile strains were very small. High compressive strains dominated the dam toe

but did not exceed the strain limit of the model material during the whole overloading process.

However, the measured strain in the 45o direction at the dam toe demonstrated an abnormal

overturning point at an overloading factor of 3.8. This can be considered as a signal that the dam

toe turned from compression to tension, which was caused by stress redistribution within the rock

foundation. The tensile strain at this point suddenly jumped to over 800 micro strains at an

overloading factor of 6.2.

The magnitudes and the directions of the principal stress can be determined by

 (5)

tan2α =  (6)

where ε0, ε45, and ε90 are the strains in the 0
o, 45o and 90o directions; σ1,2 are the first and second

principal stresses; α is the angle between the first principal stress and the 0o direction.

The distribution of principal stresses on the dam body indicated in Fig. 9 show that the internal

forces of the dam system automatically adjust under the external loading. Before the occurrence of

sliding failure, the dam body behaved elastically without crushing or cracking. Because the dam-
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Fig. 7 Profiles of horizontal displacements with respect to depths of the dam body under different overloading
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Fig. 8 Strain development on the dam body measured by strain rosettes under overloading condition (strain:
“+” for tension and “–” for compression) (a) Strains in the 0o direction; (b) Strains in the 45o direction;
(c) Strains in the 90o direction
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foundation interface was the essential component that transferred the external overloading to the

dam foundation, accumulated strains at this interface were found as expected. The transferred high

stresses led to crushing failure below the ground surface.

3.3 Performance of the rock foundation

3.3.1 Surface displacements

The surface displacements of the rock foundation measured by LVDTs are shown in Fig. 10. The

horizontal displacement curves measured by LVDT No. 12 and 17 agreed well with the dam body

motion shown in Fig. 5(a). Relatively small horizontal displacements were found at the lower part

of the rock foundation. The displacements at the ground surface indicated that before cracking of

the foundation, the deformation was only localized around the concrete-rock interface. Under the

normal loading condition, the maximum horizontal and vertical displacements of the foundation are

both 0.02 mm (3 mm for prototype). As soon as sliding of foundation occurred, the region of

deformation spread dramatically, especially at the ground surface.

3.3.2 Internal displacements
The horizontal and vertical displacements within the foundation under increased overloading

forces are shown in Fig. 11. The maximum horizontal and vertical (relative) displacements occurred

50 mm below the dam toe. Under the normal loading condition (OF=1), the maximum horizontal

and vertical (relative) displacements were 0.046 mm and 0.003 mm (6.9 mm and 4.5 mm for

prototype). The vertical displacements demonstrated highly nonlinear behaviour. The results show

that the rock foundation had subsidence below the dam toe, indicating that this location was

Fig. 9 Principal stress distributions and surface displacements on the dam body measured by strain rosettes
and LVDTs (unit: kPa for stresses, “+” for tension, “−” for compression, mm for displacements,
positive LVDT value for the arrow direction as shown) (a) OF=1; (b) OF=3
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subjected to strain concentration. However, there was an obvious turning point of the settlement-

overloading curve at OF=4. This can be explained by the fact that the crack penetration resulted in

dissipation of energy and therefore slowed down the settlement rates. At this stage, the horizontal

and vertical displacement reached 1.313 mm and 0.074 mm (197.0 mm and 11.1 mm for prototype).

From the horizontal displacements shown in Fig. 11(a), the cracking overloading factor of safety

K1 and failure factor of safety K2 can be also identified to be 3.0 and 4.0 respectively. However, the

settlement results in Fig. 11(b) only indicate the ultimate failure of the dam structure.

Fig. 12 demonstrates the horizontal displacement-depth relationship below the dam toe. At the

Fig. 10 Displacements of the dam foundation measured by LVDTs (a) Relationships of overloading factors
and horizontal displacements below the ground surface; (b) Relationships of overloading factors and
ground surface displacements
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beginning, the sliding of the rock foundation was seen to be limited to the shallow layer. With the

increase of overloading, the ground below the dam was found to slide and shear cracks gradually

formed and developed in the horizontal and vertical directions.

3.3.3 Crack propagation and failure pattern

The crack propagation pattern was recorded by a digital camera during overloading. The

photographs showed that the cracking was initiated at the base of the upstream side of the dam.

During the formation of cracks in the foundation, the strains of the dam body did not undergo any

sudden changes. As Ghaemina and Ghobarah (1999) stated, most of the energy input due to the

Fig. 11 Displacements of the dam foundation measured by the FBG sensing bar (a) Relationships of
overloading factors and relative horizontal displacements; (b) Relationships of overloading factors and
settlements (positive settlements indicate compression of the foundation)
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increase of hydrostatic loading is dissipated by increased crack width at the heel where the crack

was initiated. The ultimate failure pattern is shown in Fig. 4. The visible cracks were located between

the joints of the top four layers of bricks. The yield zone can be simplified as a triangle. The

increase of overloading was accompanied by a corresponding increase of the height and the vertex

angle once the first crack was induced.

4. Conclusions

In this study, a physical model test of a concrete gravity dam on rock foundation was performed

under 1g conditions. In the test, the hydrostatic water pressure increased gradually and the uplift

forces were not considered. The structural response was captured by various instruments, including

strain rosettes, LVDTs and FBG sensing bars. Based on the experimental investigation of the

deformation process and failure mechanism of the gravity dam-foundation system, conclusions are

obtained as follows:

1. It has been found that physical model tests have unique advantages over other analysis approaches

for studying stability related issues of dam structures. In physical model tests, the concrete dam

body and the rock foundation with joints and weak layers can be simulated using various similitude

materials. The factor of safety can be reasonably defined as the ratio between the maximum external

load inducing the start of sliding instability of the dam foundation and the upstream hydrostatic load

applied to the dam. Therefore, it gives a convenient and straightforward indication of the foundation

resistance against external loads. Moreover, by applying overloading, the captured monitoring

results can reveal the potential sliding surfaces and the most critical failure mechanisms. Therefore,

this method provides practical guidelines for the design and construction of dam structures.

2. Under overloading conditions, the internal forces of a gravity dam system including the dam

body and the rock foundation can automatically adjust. However, the self-adjusting capability of

gravity dam system is limited. If enough bonding resistance between the concrete dam body and the

rough rock surface is provided, the sliding failure will occur within the rock foundation. As soon as

Fig. 12 Profiles of horizontal displacements with respect to depths of the dam foundation under different
overloading
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the external loading exceeds the self-adjusting capability of the gravity dam, localized yield zones

will be induced and developed in the foundation, leading to ultimate failure of the dam structure.

3. The results of the physical model tests show that the stability of the gravity dam under investigation

is sufficient for the design loading combination. Under the action of the normal working loads, the

maximum horizontal displacement of the prototype dam structure will be less than 3 mm. The

tension cracks of the overloaded dam initiate under the dam heel and the most critical potential

sliding surface lies below the dam-foundation interface. The shear strengths of joints in the rock

foundation play a dominant role in determining the dam stability. In addition, the horizontal

displacements at the dam toe/crest are the signs of potential failure, which should be paid special

attention in dam safety monitoring.
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